The effects of intrauterine maturation on the tubular reabsorp tion of water by the fetal kidney was determined in 44 chronically catheterized fetal lambs divided in three groups. Fourteen fetuses were studied between 101 and 119 days, 13 between 120 and 130 days, and 17 between 131 and 142 days. The urinary flow rate increased ( P < 0.01) when fetuses <I20 days were compared to fetuses between 120-130 days of gestation. A 35% increase in Uosm was found in fetuses over 130 days and was paralleled by significant increases in (U/P) iothalamate and (U/P) osm ratios. An increase in (U/P) urea ratio in fetuses over 130 days correlated with an increase in (U/P) iothalamate (r = 0.87). The (U/P) ratios for Na+ and CI-were not correlated with fetal age and did not increase during gestation. The percent of filtered water excreted (V/CFR) was high before 120 days of gestation (26.8 + 3.04%) and remained elevated in fetuses of 120-130 days (28.7 + 2.53%).
Speculation
The increase in free water reabsorption by the near-term fetal kidney may represent either an increase in end-organ responsiveness to arginine vasopressin or maturation of mechanisms involved in the buildup of the osmotic gradient in the fetal medulla or both.
Available information on the maturation process of the renal concentrating ability during fetal life is limited. Previous studies using exteriorized fetal preparations reported that fetal urine osmolality is usually hypotonic when compared to plasma (3, 6, 13, 23) . Similar results were also described for urine formed by the human fetus (14) . However, it was also observed in exteriorized fetal lamb (3) and fetal guinea pig (5, 15) preparations that hypertonic urine could be elaborated just before birth.
Using long-term fetal lamb preparations, Gresham et al. (8) described that fetal urine was predominantly hypotonic in respect to plasma osmolality when adequate time was allowed for the fetus to recover from the stress of surgery. However, both this latter study and previous studies using exteriorized fetal preparations utilized small numbers of animals and did not provide adequate information regarding the maturation process involved in tubular reabsorption of water during gestation.
Recently, Stanier (25) demonstrated in renal tissue from nearterm lamb fetuses, a steep intrarenal gradient for sodium. It was then suggested that the capacity of the fetal tubule to reabsorb filtered water may be increased in the last part of gestation. The present protocol was therefore designed to study, in vivo, the influence of fetal maturation on reabsorption of water by the fetal kidney during the last trimester of gestation.
METHODS
The fetuses of 44 pregnant sheep of Dorset and Suffolk mixed breeding were studied between 101-142 days of gestation (term being between 145-148 days). Fourteen fetuses were between 101-119 days, 13 between 120-130 days and 17 between 13 1-142 days. Gestational ages were based on the induced ovulation technique (2, 10) that consists of synchronizing estrus with the use of vaginal sponges impregnated with 40 mg of fluorogestone acetate followed 12 days later with 500 IU of pregnant mare serum gonadotropin and administered im to the ewe to induce ovulation. Forty-eight hr later, a ram is introduced for mating for a period of 24 hr. The fetal heart is monitored 60 days later to confirm pregnancy. Using such a technique, linear regressions were determined between fetal age and fetal-body wt in-44 fetuses, and between fetal age and total kidney wt and between fetal body wt and total kidney wt in 28 fetuses as described by the following equations: fetal wt (kg) = 0.0961 x gestational age (days) -9.2228 coefficient of correlation being 0.85 (P < 0.001); total fetal kidney wt (g) = 0.4729 x gestational age (days) -36.1603 coefficient of correlation being 0.82 ( P < 0.001); total fetal kidney wt (g) = 4.9131 X fetal wt (kg) + 8.2478 coefficient of correlation being 0.90 (P < 0 001).
SURGICAL PROCEDURES
The animal care before surgery, anesthesia and surgical procedures used were as described earlier (18, 19) . Briefly, through a small uterine incision, polyethylene catheters (inside diameter ID 0.86 mm and outside diameter OD 1.27 mm) were inserted into the fetal femoral vein and both femoral arteries for a distance of approximately 5 cm and secured with silk ligatures. In fetuses younger than 1 I0 days, polyethylene catheters of ID 0.58 mm and OD 0.965 mm were inserted. Through the same incision, the umbilical cord was located, the urachus identified and ligated distally, and a 3V2 French infant feeding tube inserted and advanced approximately 4-6 cm into the fetal bladder. The sight of urine flowing in the catheter indicated that the urachal catheter was well located; the catheter was then closed with a sterile threeway stopcock.
All four catheters were secured with silk ligatures and a drop of methyl-2-cyanoacrylate (Eastman 910 Adhesive, Eastman Chemical Products, Inc.) was applied for tissue adhesion. An additional catheter was also secured in the amniotic cavity for intrauterine pressure recording. Thereafter, the hind limbs were replaced, the fetal membranes, uterine cavity, and abdominal wall were closed in separate layers using 2-0 and 1-0 catgut sutures. All catheters were then exteriorized through a subcutaneous tunnel and placed into a cloth pouch on the animal's flank, after which the abdominal skin was closed. Ampicillin, I.g, was injected into the amniotic cavity at the end of surgery and also administered iv to the ewe during surgery. Thereafter, ampicillin, I g, was given to the ewe im every 8 hr for the first 3 days after surgery and every time the catheters were flushed.
All vascular catheters were irrigated daily for the first 3 days with a heparinized saline solution and every other day henceforth. When not used, the catheters were filled with heparinized saline solution and sealed with three-way stopcocks.
After surgery, the ewe was kept in a regular stall and fed a standard diet. The animal was usually standing and eating within I hr after surgery. A recovery period of at least 6 days was required before any experiments were carried out. Recovery of fetal renal function from the stress of surgery has been demonstrated to take between 3-6 days (8).
PHYSIOLOGIC STUDIES
During the physiologic studies, the ewe was transferred into a small cart permitting it to stand only. The fetal glomerular filtration rate (GFR) was determined by a constant infusion of [I2"] iothalamate. A priming dose of 0.45 pCi/kg of iothalamate was administered followed by a constant infusion of 0.1 pCi/kg/min in 5% dextrose solution at a rate of 0.09 ml/min. An equilibration period of I hr was then observed before the start of the first renal clearance period. After the equilibration period, three 20-min renal clearance periods were determined. At the midpoint of each clearance period arterial blood was obtained for measurement of plasma concentrations of ['"I] iothalamate, sodium, potassium, chloride and urea, plasma osmolality, and arterial blood pH and blood gases (PC02 and PO2). At the end of each clearance period, urine was collected to determine the urinary excretion rates of urea, sodium, potassium and chloride, urinary osmolality and concentration of ['""I iothalamate. Individual data from each of the three clearance periods were then averaged to obtain a single value.
In all fetuses, in order to prevent any hemodynamic changes, each fetal blood sample was replaced with an equal amount of maternal blood. In 28 fetal preparations, heart rate, arterial pressure, and amniotic pressure were monitored continuously throughout the studies. All pressures were measured with PmDb (Statham Instruments Division, Gould Inc.) pressure transducers. Fetal mean arterial blood pressures (MABP) were registered and reported with respect to correction for amniotic pressure. Fetal heart rate was monitored with a cardiotachometer triggered from the fetal arterial pressure signal. Pressures and heart rate were recorded on a Beckman direct writing recorder. At the end of the experiment, the fetus and ewe were killed separately with lethal doses of KC1 solution. Thereafter, the weight of the fetus and both fetal kidneys were determined.
ANALYTICAL METHODS
Plasma and urine concentrations of sodium and potassium were determined by flame photometry with a lithium internal standard, concentrations of chloride by potentiometric titration and concentrations of ['"I] iothalamate by gamma emission of [""I] in a Beckman gamma spectrometer (Beckman Gamma 300 System, Beckman Co., Creve Coeur, MO). Osmolality in plasma and urine was measured with a freezing-point osmometer. Chemical urea determinations were established with an autoanalyzer (Technicon). Hematocrit was measured by micromethod. Glomerular filtration rate was calculated as the clearance of [""I] iothalamate. Blood for measurement of pH, PCOZ, and PO2 was collected anaerobically in heparinized glass syringes and immediately processed using appropriate electrodes (Radiometer PHM 72 MK2 acid-base analyzer, Radiometer Co., Denmark).
CALCULATIONS AND DATA ANALYSIS
The osmolar clearance (Cosm) was determined as follows: Cosm (ml/min) = (Uosm . V)/Posm, in which Uosm and Posm represent urine and plasma osmolality in mosm/kgH20 and V the urinary flow rate in ml/min. The solute-free water clearance ( C H ,~) was calculated as the difference between the urine flow (V) and the osmolar clearance Cosm: C H ,~ = V -Cosm.
Analysis of variance using the F-distribution was applied to test the means between different groups of data. The Student t test for unpaired observations was used to compare the difference between means of two populations of different size. The regression lines were determined with the least-squares formula. The term "significant" was used throughout the paper to describe changes with P value of less than 0.05 in a two-sided significance limit. The results are presented as mean + SE.
RESULTS
The mean arterial blood values for pH, blood gases (PCO? and PO2), plasma electrolyte concentrations (Na'. K', and CI-), plasma urea, plasma osmolality, and hematocrit are presented in Table 1 . No significant changes in any of these parameters were seen in individual fetuses, after three consecutive blood samples at 20-min intervals each. In 28 fetuses ranging from 106-142 days of gestational age, MABP was significantly correlated with fetal age (r = 0.75, P < 0.001): MABP was 43.7 f 1.7 mmHg in fetuses less than 120 days, 49.3 + 1.3 in fetuses between 120-130 days and 53.4 * 1.39 in fetuses over 130 days. A significant negative correlation was found between the fetal age and the fetal heart rate (r = -0.53, P c 0.005). The mean fetal heart rate values in fetuses of less than 120 days, between 120-130 days and over 130 days were, respectively, 194 f 8.8, 182 + 3.6, and 162 + 5.7 beats/ min. Table 2 shows the mean urinary values in three groups of fetuses divided according to gestational age. Using an analysis of variance, no significant difference in urinary flow rate was found between the three groups of fetuses ( F = 2.18, P > 0. I). However. by nonpaired t test, urinary flow rate increased significantly ( P < 0.01) when fetuses of less than 120 days were compared to fetuses between 120-130 days, but not to fetuses over 130 days. A significant positive correlation was found between fetal age and fetal G F R expressed as iothalamate clearance (Cioth) in ml/min (r = 0.60, P < 0.001). Similarly, Cioth (ml/min) was closely correlated to fetal kidney wt (r = 0.73, P c 0.001). No significant correlation was found between fetal G F R corrected for body wt (ml/min/kg) or kidney wt (ml/min/g) and gestational age: the correlation coefficient being -0.08 and 0.31. respectively. A 35% increase in urinary osmolality (Uosm) was found in fetuses over 130 days when compared to younger fetuses. This increase in ' MABP: mean arterial blood pressure. n: number of animals.
- Table 2 . Clearance data in groups of fetuses of different gestational age1 Uosm was paralleled by significant increases in (U/P) iothalamate and (U/P) osm. In 5 of 17 fetuses over 130 days, the (U/P) osm ratio was over 1.0, indicating hyperosmotic urine in respect to plasma. An increase in (U/P) urea ratio was also found in fetuses over 130 days. This increase in (U/P) urea ratio correlated closely with the increase in (U/P) ioth ( r = 0.87, P < 0.001) and
represented predominantly an increase in glomerular filtration. A significant positive correlation was found between Cioth and urea clearance (r = 0.84, P < 0.001); the mean value for urea clearance was 80% of the mean value for Cioth. The (U/P) values for Na' and C1-were not correlated to fetal age. In constrast, (U/P) K' ratio increased significantly after 130 days and in 6 of 17 animals, individual (U/P) K' ratios were superior to (U/P) ioth ratios indicating secretion of K' by the fetal tubule. The osmotic composition of fetal urine at different gestational ages is presented in Figure I . Figure I -A demonstrates that after 130 days the increase in Uosm concentration is secondary to a parallel increase in urea (Uurea) and nonurea solute (UNIJS) concentrations. The percent of Uurea and U N~I S to total urine osmolality is shown in Figure I- Fig. 2 . Summary of fetal osmolar and water clearances at different gestational ages. V/GFR, fractional water excretion in %; C",o/GFR, free water clearance corrected for 100 ml GFR; Cosm/GFR, osmolar clearance corrected for 100 ml GFR. * for P < 0.05 and t for P < 0.01 when fetuses >I30 days are compared either to fetuses <I20 days or between 120-130 days.
130 days there is a small increase in the relative contribution of Uurea to the total urinary osmotic load. However, this increase (5%) is only significant ( P < 0.02) when fetuses over 130 days and those between 120-130 days are compared.
Values for fractional water excretion (V/GFR), free water clearance ( C H ,~/ G F R ) and osmolar clearance (Cosm/GFR) are presented in Figure 2 . The results are presented in relation to G F R rather than in absolute value in order that maturational changes in G F R d o not obscure the changes in tubular water reabsorption. The percent of filtered water excreted (V/GFR) was high before 120 days of gestation (26.8 f 3.04%) and remained elevated in fetuses of 120-130 days (28.7 +-2.53%). After 130 days of gestation V/GFR decreased significantly ( P < 0.05) to 18.3 f 2.56%. Similarly, no significant changes in free water clearance were found between the two groups of fetuses before 130 days of gestation; CH,O/GFR values being, respectively, 12.02 & 1.53 ml/ min/100 ml G F R up to 120 days and 13.18 + 1.46 ml/min/100 ml G F R between 120-130 days. After 130 days CH,O/GFR decreased significantly ( P < 0.01) to 5.82 f 1.97 ml/min/100 ml G F R . Osmolar clearance values (Cosm/GFR) remained unchanged during the last third of gestation; values being, respectively, 14.76 f 2.57 for fetuses less than 120 days, 15.49 f 1.90 between 120-130 days and 12.5 1 + 1.34 ml/min/100 ml GFR in fetuses over 130 days.
DISCUSSION
The hypotonicity of fetal urine in respect to plasma is a well accepted entity. Previous investigations using sheep (3, 8, 23) , monkeys (6), pigs (13), rabbits (13) , and guinea pigs (5, 15) all agreed that fetal urine osmolality is hypotonic when compared to plasma values. Alexander et al. (3) , using exteriorized fetal lamb preparations, suggested that before 130 days of gestation, fetal urine is always hypotonic when, subsequently, urine may become hypertonic. Gresham et al. (8) , using chronically catheterized fetal lambs and studying them from 117 days of gestation until term, demonstrated that during the recovery period after surgery (3-6 days), urinary flow rate and osmolality fluctuated widely and, in some animals, urine became hypertonic. Thereafter, urine flow stability was achieved and urine osmolality came back to hypotonic values until the beginning of parturition. These previous results, therefore suggest, that fetal urine remains hypotonic during the last third of gestation unless the fetus is submitted to stressful conditions (3, 8) (surgery or exteriorization from the uterus) in which urine osmolality may become hypertonic. However, those studies do not indicate if reabsorption of free water is stable or increased during gestation when the fetus is kept in physiologic conditions.
In the present study, a recovery period of at least 6 days was allowed in order to reduce the effect of surgery and anesthesia on the fetal renal function. Using this protocol, our previous studies (18, 19) were confirmed showing that fetal GFR expressed in ml/ min increases with fetal age, whkreas GFR corrected for body wt (ml/min/kg) or kidney wt (ml/min/g) remains stable during the last trimester of gestation. It was also found, contrary to the study by Gresham et al. (8) , that mean urine osmolality values (Uosm) remained stable at about 160 m o s m / k g~,~ until 130 days of gestation and then increased to 245 +_ 28.2 m~S m / k g~, o ( Table 2 ). Such differences between the present study and the study of Gresham et al. (8) remains unexplained; however, in the latter study (8) . only four fetuses over 130 days of gestation were studied after recovering from surgery. whereas in the present study Uosm was measured in 17 fetuses after 130 days of gestation. Finally, we demonstrated that reabsorption of free water by the fetal kidney increased after 130 days of gestation.
In the present study. Cosm/GFR does not change and both V/ GFR and CH~O/GFR (Fig. 2) decrease significantly. Because V/ GFR is determined by the sum of CH,O/GFR and Cosm/GFR (V/GFR = C H ,~/ G F R + Cosm/GFR), a decrease in V/GFR not accompanied by changes in Cosm/GFR must be secondary to a decrease in CH?O/GFR or, in other words, to an increase in free water reabsorption. In the present study, there is a parallel decrease in V/GFR and C H ,~/ G F R in fetuses over 130 days without any significant changes in Cosm/GFR confirming that the decrease in V/GFR is secondary to an increase in free water reabsorption. Moreover, the absence of significant changes in (U/P)Na' and (U/P)CI ratios during the last third of gestation is against the development of an osmotic diuresis in fetuses over 130 days as an explanation for the rise in fetal Uosm. Therefore, the increase in Uosm concentration in fetuses over 130 days, even if it does not reach values hypertonic to plasma in all fetuses. represents an increase in reabsorption of free water by the collecting tubule of those animals.
This increase in reabsorption of free water in near-term fetuses may represent either an increase in collecting tubule permeability to water, or an increase in the cortex to papilla solute gradients or both.
An increase in collecting tubule permeability to water may signify either an increase in circulating endogenous plasma arginine vasopressin (AVP) or in end-organ responsiveness to arginine vasopressin. There is no evidence that fetal plasma AVP concentration increases during the last trimester of gestation. On the contrary, mean plasma AVP concentrations in fetuses of 121-141 days of gestation tend to be lower than mean values between 101-120 days (27) . Moreover, the osmoreceptor and volume receptor control system of AVP release in the fetus are essentially mature during the last trimester of gestation (20, 27) and, thus, argue against a defect in secretion of vasopressin. Therefore, if the rise in reabsorption of free water in fetuses over 130 days is secondary to an increase in the water permeability of the fetal collecting tubule, it has to be attributed to an increase in end-organ responsiveness to arginine vasopressin. In favor of this latter hypothesis, recent studies from our laboratory indicate that in vivo infusion of exogenous AVP in chronically catheterized fetal lambs initiated an increase in absolute free water reabsorption in fetuses older than 120 days of gestation, but not in younger fetuses (21) , therefore, suggesting that the collecting tubule of near-term fetuses, under vasopressin stimulation, is more permeable than earlier in gestation.
One can thus speculate that the increase in free water reabsorption in near-term fetuses found Ĩ I the present study is secondary to either an increase in binding sites for vasopressin or to the maturation process involving the vasopressin-responsive cyclic AMP system or both. Studies from neonatal kidneys of both rats and rabbits indicated that the activation of collecting tubule adenyl cyclase by vasopressin is decreased in neonates when compared to adults (22) . Moreover, Rajerison ef al. (17) found that vasopressin binding capacity of rat tubule membranes increased after birth. Finally, it is also possible that prostaglandins E2 found in high concentration in fetal lamb urine (26) may inhibit the action of vasopressin on the collecting tubule. However, there are arguments against changes in end-organ responsiveness (collecting tubule) to arginine vasopressin. Abramow and Dratwa (I), using the isolated tubule perfusion technique, demonstrated that the collecting duct of a human fetal kidney (5% month old) had well developed receptors for arginine vasopressin, suggesting that the diminished renal concentrating ability of the immature kidney when compared to the adult's reflects a-diminished osmotic gradient in the medulla as suggested previously (7) .
Therefore, the structural immaturity of the fetal medulla characterized by short loops of Henle (24) and the increased blood flow to the medulla (4, i 1, 16) appear to be major factors regulating the fetal medulla as a counter current multiplier. In the immature kidney, because the blood flow is mainly distributed to the juxtamedullary glomeruli whose efferent arterioles supply the vasa recta of the medulla, it is possible that a high flow of blood through the vasa recta may either prevent or disperse the intrarenal solute gradient normally formed in the medulla. Moreover, the low GFR present during fetal life may reduce the amount of solutes, especially urea, To be delivered distally. In the present study, the clearance of urea is low during fetal life and closely follows the GFR (r = 0.84). This low rate of urea clearance and the small proportion of urinary solute consisting of urea in fetuses of all age groups (Fig. 1 ) may limit the formation of an osmotic gradient in the inner medulla of the fetal kidney. Under these conditions, free water reabsorption by the fetal kidney will depend mainly on the active transport of chloride by the thick ascending limb of Henle and water reabsorption in the outer medulla. The mechanisms involved in the buildup of an osmotic gradient between the corticomedullary junction and the papillary have been recently reviewed by Jamison and Maffly (9) and Kokko (12) .
In summary, it was demonstrated in chronically catheterized fetal lambs that there is an increase in free water reabsorption in late gestation (over 130 days). It also suggests that both an increase in end-orean res~onsiveness and maturation of the mechanisms involved the b;ildup of an osmotic gradient in the fetal medulla may have a major role in the increase of free water reabsorption in near-term fetuses.
